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Abstract A novel inverted telephoto four mirror zoom
system with large field of view (FOV) was designed over a
wide spectral bandwidth. The initial configuration of the
zoom system was obtained by applying the aberration
equations under certain constraints. Then, a method was
presented to correlate the aspheric coefficients with the
aberrations of this system. By using this method, the
required image quality could be achieved after optimiza-
tion using the ZEMAX® Optical Design Code. Besides
good image quality, another benefits of using this system is
the potential for using cheap optics.

Keywords geometric optical design, aberration compen-
sation, lens system design, reflective zoom

In these systems the problem of selecting their initial
configurations remain unresolved. In 2008, Miks et al.
used the Seidel aberration equations to construct the initial
configuration of a transmission-mode optical zoom system
for the first time [8]. In 2010, Zhang et al. introduced
another way to solve this problem based on the theory of
Seidel aberrations, but it was not cost effective [9].

In this paper, we developed the analytical theory by
using the Seidel aberrations under specific constraints and
applied the ray tracing method to obtain the initial
configuration for our proposed optical model. We finally
obtained a diffraction limited image by developing a
linkage between the aspheric coefficients and the aberra-
tions and optimizing the optical system.

1 Introduction

Mirror systems have many advantages, such as light
weight, free of chromatic aberrations, high thermal
stability, etc. Such optical systems have received consider-
able attention as a critical technique in aerospace systems.
The way to design reflective zoom system has been
developed since 1980s. During this period, the mirror
optical zoom systems employed the mechanical devices to
move one or more elements to vary the focal lengths, they
did not have stable image surfaces, and the initial
configuration designed more by experience. In 2009,
Seidl et al. designed a mirror system without obscuration
by changing the surface shape of the deformable mirror
[1,2], then this kind of zoom systems that use active optical
elements has developed, the active optical elements
include spatial light modulators, liquid lens, and deform-
able mirror [3—7], but the variable scope are limited, and
the price are expensive, they are mainly used in laboratory
research at the present stage, mechanical zoom optical
system has great prospect in practical application.
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2 Design of the initial configuration of
four-mirror system

For the sake of checking the correction of the theory, we
made an experimental prototype. System parameters of the
optical system are shown in Table 1. The primary
aberration theory was applied to find the initial configura-
tion of the mirror system. First, through ray tracing, an
expression for the primary aberrations was obtained at
different focal lengths of two configurations. Then, the
initial configuration was evolved from the differential
zoom theories and the primary aberration theory [9]. The
four-mirror optical zoom system was optimized by

Table 1 System parameters of the optical system

system parameters value
zoom ratio 3x
range of focal length 20-60 mm

zooming group primary mirror

compensating group fourth mirror
F/# 5

field of view (FOV) 7.2°-2.4°
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combining the aspheric coefficients with the primary
aberrations.

In Fig. 1, the second mirror (M2) is set as an aperture.
The marginal and chief rays of this proposed optical zoom
system are shown in Figs. 1(a) and 1(b) respectively. The
marginal and chief rays are chosen to deduce the
expression for primary aberrations, which is described as
below [9-11]:

Sii = Ski(fl9f2’f3=f47ﬁ2iaﬂ3inﬁ4i)’ (1)

where i (=1, 2) is the multiple configurations of the optical
zoom system, k ( = 1, 2, 3, 4) is the spherical, coma,
astigmatism and the field curvature aberrations respec-
tively, Bs;, B3, B4; are the magnification of M2,M3 and M4
of ith configuration, and fi, /5, f3, f4 are the focal length of
the M1,M2,M3 and M4 respectively.

It is difficult to find the exact solution for the suitable
initial configuration of the optical zoom system through
Eq. (1). So it becomes mandatory to apply specific
constraints.

We chose an inverted wide FOV telephoto configuration
as a sample optical system. According to the matrix optics,
the transfer matrix of the four mirror zoom system is as
follows:
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The transfer matrix for the second, third and fourth
mirrors is as follows:

T — R4D3R3D2R2
01 —d34/nl3 1]10 1

_*dzs/n/z 1 0 1
(B, 4 A24]

LCaq Doy ®)

where ¢ (k=1,2,3,4) is the power of the mirror £; dj; is the
spacing between mirror i and mirror j; 7y is the radius of
curvature of mirror k; n, n’ are the refractive indices of the
object and image space respectively; 4, _4y; (i = 1, 2) is the
power of the second, third and the fourth mirror of
configuration i.

The specific conditions are as follows:

91<0, Az 41 >0, A 42 > 0. (6)

After applying the constraint equation to the primary
aberrations, we obtained the aberration equations of the
inverted telephoto four configuration mirror zoom system
as follows:

A, =1)20,
Az = 1/60,

(;ﬂﬂﬂ)fé + <13131ﬁ31>f3,

1 ’
= <——/322>f2 + <E_ﬁ32)

S = SuhhafsfasBrBs1.Ba) =0, k=123.4,
Stz = Suu(ir3fasBrPaPa) = 0,

91<0,

A@-a1 >0,

A4 >0, (7

‘ .
L/’ image plane

/F MI M4 | M3

(b)

Fig. 1 (a) Marginal ray tracing of the proposed system and (b) chief ray tracing of the proposed system
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where 4; (i = 1,2) is the power of the optical system of
configuration i.

The initial configuration of the design was obtained by
solving the expressions of the primary aberrations under
specific constraints the above equation set. After compar-
ison, we chose one most practical result, and the
parameters of the proposed optical reflective zoom system
are shown in Table 2.

Figure 2 is the layout of the coaxial optical zoom system.
M1 is the zoom group. M2 and M3 are the fixed groups.
M4 is the compensating group. The zoom group was
designated as the primary mirror while the compensating
group was designated as the fourth mirror.

Figure 3 is the modulation transfer function (MTF)
curve of the initial configuration of the coaxial mirror
zoom system. At its shorter focus position (=20 mm), the
system acquires image quality with MTF below 0.1 at the
£3.6° field angle. And at the longer focus position (f =

Table 2 Parameters of the initial structure of mirror zoom system

60 mm), the system has the image quality with MTF above
0.5. However, it has not attained the diffraction limited
image quality. Figures 4 and 5 show that the system suffers
from high distortion, astigmatism and spherical aberra-
tions. But the dominant aberration of the system to be fixed
are the spherical aberration and astigmatism. After all, the
system needs to be further optimized.

So, it is essential to optimize the system to reach the
acceptable limit for these aberrations at different focus.
Here, in order to further correct aberrations, we try to make
full use of aspherical coefficients by finding the relation-
ship between the aberration and every aspherical coeffi-
cient of the four-mirror zoom system. We obtained the
relationship of the spherical aberration in the system with
the conic coefficient, the 4th order coefficient, the 6th order
coefficient, the 8th order coefficient and the 10th order
coefficient using the aberration analysis software in
ZEMAX®.

nomenclature radius/mm thickness/mm (f' = 20 mm) thickness/mm (f = 60 mm)
primary mirror 33.933 -9.324 -13.373
secondary mirror 44.533 67.011 67.011
tertiary mirror 41.068 —34.636 —14.891
fourth mirror 46918 37.629 17.884
M4
image
plane
(a)
M2 Ml
image plane

(b)

Fig. 2 Layout of coaxial mirror zoom system. (a) = 20 mm and (b) /= 60 mm
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Fig. 3 Modulation transfer function (MTF) of the coaxial mirror zoom system. (a) /= 20 mm and (b) /= 60 mm
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Fig. 5 Spot diagram of coaxial mirror zoom optical system. (a) f= 20 mm and (b) f'= 60 mm
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3 Optimization and results

An aspheric surface is commonly used to eliminate or
minimize the aberrations of an optical system while
increasing its FOV. Therefore we optimized our four-
mirror zoom system by incorporating the aspheric
coefficients with the help of ZEMAX®. Figures 6-10
show the relationship between aberration and the aspheric
coefficient of each surface. The focus of the first
configuration was 20 mm, while the second configuration
was 60 mm.

Figure 6 illustrates how the aspheric coefficients of these
four mirrors affect the spherical aberrations of these two
configurations. The total spherical aberration of the first
configuration was positive, while the total spherical
aberration of the second configuration was negative. The
conic and 4th coefficients of the tertiary and fourth mirrors
could introduce a positive change to the spherical
aberration of the first configuration, thus the total spherical
aberration of the first configuration became larger. The

r inverted telephoto zoom system 603

conic and 4th coefficients of the primary and secondary
mirrors could introduce a positive change to the spherical
aberration of second configuration, the positive change of
the spherical aberration of the second configuration could
offset its original negative value, but the correction was a
bit excessive. The 6th, 8th and 10th coefficients of the
tertiary and fourth mirror imposed a little negative effect on
both configurations.

Figure 7 illustrates how the aspheric coefficients of these
four mirrors affect the comas of these two configurations.
The coma of the first configuration was almost zero, while
that of the second configuration was positive. The aspheric
coefficients of the primary and secondary mirrors and 6th,
8th and 10th coefficients of the fourth mirror imposed little
effect on the first configuration. The conic and 4th
coefficients of the primary and secondary mirrors could
introduce a negative change to the coma of second
configuration, this change could offset its original positive
value.

Figure 8 illustrates how the aspheric coefficients of these
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Fig. 7 Comas of (a) =20 mm and (b) f= 60 mm
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four mirrors affect the astigmatisms of these two config-
urations. The astigmatism of these two configurations were
negative, while the first configuration was much larger than
the second one. The conic and 4th coefficients of the
tertiary and fourth mirrors introduced a positive change to
the astigmatism of the first configuration that could offset
its original negative value.

Figure 9 illustrates how the aspheric coefficients of these
four mirrors affect the field curvatures of these two
configurations. The field curvatures of these two config-
urations were positive. The aspheric coefficients of the
primary and secondary mirrors introduced a negative
change to the field curvature of the both configurations that
could offset its original positive value.

Figure 10 illustrates how the aspheric coefficients of
these four mirrors affect the distortions of these two
configurations. The distortion of the first configuration was
negative, while that of the second configuration was almost
zero. The influence mode was similar to the astigmatism.

To sum up, the original value of the spherical aberration
was 0.00037 at the shorter focus position and —0.0014 at

Front. Optoelectron. 2016, 9(4): 599-608

the longer focus. The coefficients of the primary and the
secondary mirrors had similar effect on these aberrations of
both configurations, but the conic and 4th coefficients of
the primary mirror had better performance on balance
coma, therefore we can take either conic or the 4th
coefficient of the primary mirror as variables. For the third
and the fourth mirror, the 6th, 8th and 10th aspheric
coefficients introduced a negative change to the spherical
aberration at both focus position, made the spherical
aberration become smaller at the short focus position,
meanwhile, compensated for the excessive correction of
the primary mirror at the longer focus position. We can
take either two or three of the 6th, 8th and 10th coefficients
as variables.

According to the above analysis, we chose the 6th and
8th aspheric coefficients of the fourth mirror and the conic
coefficient of the primary mirror as variables to optimize.
The parameters and the layout of the coaxial optical zoom
system after optimization are shown in Table 3 and Fig. 11
respectively. The ray aberration, the spot diagram and the
MTF of the coaxial mirror zoom system after optimization
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Table 3 Parameters of the final optical zoom system
aspherical coefficients
nomenclature radius/mm  thickness/mm (f'= 20 mm) thickness/mm (f'= 60 mm)
conic 4th 6th 8th 10th
primary mirror 42.028 —7.332 —12.393 -0.3347 0 0 0 0
secondary mirror 45.930 59.910 58913 0 0 0 0 0
tertiary mirror 32.390 —28.991 —14.048 0 0 0 0 0
fourth mirror 39.263 31.9422 19.048 0 0 1.7403E-009 —6.199E-012 0

M2

M2

image
plane

(a)

(b)

image
plane

Fig. 11 Layout of the coaxial optical zoom system after optimization. (a) = 20 mm and (b) /= 60 mm
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are shown in Figs. 12—-14 respectively.
From the ray aberration curves, the aberration scale after
optimization was much smaller than that of the initial

Front. Optoelectron. 2016, 9(4): 599-608

structure, the spot diagrams show that the root mean square
(RMS) radius were less than the airy radius after
optimization, and Fig. 14 shows the system after
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optimization had almost attained the diffraction limited
image quality.

4 Conclusion

In this paper, we developed the initial configuration of the
four mirror inverted telephoto zoom system by solving
aberration equations with specific constraints, and ana-
lyzed the relations between aspheric coefficients and
aberrations. With the help of these relations, we can use
the specific aspherical coefficient to balance the specific
aberration not only in this one system, but also in other
systems like this kind. Finally, we obtained the diffraction
limited image quality by using two aspheric surfaces in
our design. Such reflective optical zoom systems can
accomplish the requirements of broad spectrum and wide
FOV.
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